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1. INTRODUCTION {#mbo3890-sec-0001}
===============

*Arcobacter*, formerly classified as *Campylobacter*, is a member of the class Epsilonproteobacteria, as proposed by Vandamme et al. ([1991](#mbo3890-bib-0061){ref-type="ref"}). Some *Arcobacter* bacteria have shown pathogenicity to humans, and thus many studies have focused on livestock. Species isolated from pork, broiler carcasses, cattle, ducks, human stool, or porcine abortions include: *Arcobacter butzleri*, *A. skirrowii, A. cibarius, A. cryaerophilus*, *A*. *trophiarum*, *A*. *defluvii*, *A*. *thereius*, *A*. *suis*, *A*. *cloacae*, *A*. *lanthieri*, *A*. *faecis*, *A*. *lacus,* and *A*. *caeni* (Collado, Levican, Perez, & Figueras, [2011](#mbo3890-bib-0007){ref-type="ref"}; De Smet et al., [2011](#mbo3890-bib-0008){ref-type="ref"}; Houf et al., [2005](#mbo3890-bib-0020){ref-type="ref"}, [2009](#mbo3890-bib-0019){ref-type="ref"}; Kiehlbauch et al., [1991](#mbo3890-bib-0026){ref-type="ref"}; Levican, Collado, & Figueras, [2013](#mbo3890-bib-0032){ref-type="ref"}; Neill, Campbell, O\'Brien, Weatherup, & Ellis, [1985](#mbo3890-bib-0041){ref-type="ref"}; Pérez‐Cataluña, Salas‐Massó, & Figueras, [2018b](#mbo3890-bib-0047){ref-type="ref"}; Vandamme et al., [1992](#mbo3890-bib-0063){ref-type="ref"}; Whiteduck‐Léveillée et al., [2015](#mbo3890-bib-0065){ref-type="ref"}, [2016](#mbo3890-bib-0066){ref-type="ref"}). Among them, *A*. *butzleri*, *A*. *cryaerophilus,* and *A*. *skirrowii* are considered to be of clinical interest because they are associated with gastrointestinal disease and bacteremia in humans, and with reproduction disorders, mastitis, and gastric ulcers in farm animals (Ho, Lipman, & Gaastra, [2006](#mbo3890-bib-0017){ref-type="ref"}). *Arcobacter thereius* was also isolated from porcine abortions, but the pathological potential of this species is still unknown (Houf et al., [2009](#mbo3890-bib-0019){ref-type="ref"}). In contrast, other species have not been directly associated with animal or human diseases.

Recently, *Arcobacter* spp. have also been isolated from marine environments, such as seawater and coastal sediments, and from marine invertebrates. To date, 18 *Arcobacter* species from a total of 29 have been isolated from marine environments (Table [1](#mbo3890-tbl-0001){ref-type="table"}), suggesting that this environment may be one of the main habitats for this genus. *Arcobacter* are found in bivalves (Collado, Guarro, & Figueras, [2009](#mbo3890-bib-0006){ref-type="ref"}; Laishram, Rathlavath, Lekshmi, Kumar, & Nayak, [2016](#mbo3890-bib-0030){ref-type="ref"}; Levican, Collado, Yustes, Aguilar, & Figueras, [2014](#mbo3890-bib-0033){ref-type="ref"}; Salas‐Massó, Andree, Furones, & Figueras, [2016](#mbo3890-bib-0052){ref-type="ref"}). Romero, García‐Varela, Laclette, and Espejo ([2002](#mbo3890-bib-0051){ref-type="ref"}) reported *Arcobacter* spp. are widespread in the Chilean oyster in their analysis using 16S rRNA‐RFLP. In addition to bivalves, it has been reported that *Arcobacter* spp. are found in European lobsters and abalone (Meziti, Mente, & Kormas, [2012](#mbo3890-bib-0038){ref-type="ref"}; Tanaka, Ootsubo, Sawabe, Ezura, & Tajima, [2004](#mbo3890-bib-0058){ref-type="ref"}). These results suggest that *Arcobacter* spp. are widely distributed in marine invertebrates, and potentially indigenous bacteria may play some important role in the host. However, knowledge on the presence and diversity of *Arcobacter* associated with marine invertebrates including abalone is still lacking compared to pathogenic *Arcobacter*.

###### 

List of *Arcobacter* spp. isolated from different marine environments

+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Source                                                        | Species                    | Reference                                                                                                |
+===============================================================+============================+==========================================================================================================+
| Roots of *Spartina alterniflora*, sediments from salt marshes | *A. nitrofigilis* CI       | McClung, Patriquin, and Davis ([1983](#mbo3890-bib-0036){ref-type="ref"})                                |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Water from hypersaline lagoon                                 | *A. halophilus* LA31B      | Donachie, Bowman, On, and Alam ([2005](#mbo3890-bib-0010){ref-type="ref"})                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels, brackish water                                       | *A. mytili* F2075          | Collado, Cleenwerck, Trappen, Vos, and Figueras ([2009](#mbo3890-bib-0004){ref-type="ref"})              |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Seawater, seaweeds, and starfish                              | *A. marinus* CL‐S1         | Kim et al. ([2010](#mbo3890-bib-0027){ref-type="ref"})                                                   |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Sewage                                                        | *A. defluvii* SW28‐11      | Collado et al. ([2011](#mbo3890-bib-0007){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels                                                       | *A. ellisii* F79‐6         | Figueras, Levican, Collado, Inza, and Yustes ([2011](#mbo3890-bib-0014){ref-type="ref"})                 |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels and oysters                                           | *A. molluscorum* F98‐3     | Figueras, Collado, et al. ([2011](#mbo3890-bib-0013){ref-type="ref"})                                    |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Clams                                                         | *A. venerupis* F67‐11      | Levican et al. ([2012](#mbo3890-bib-0031){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels                                                       | *A. bivalviorum* F4        | Levican et al. ([2012](#mbo3890-bib-0031){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels and sewage                                            | *A. cloacae* SW28‐13       | Levican et al. ([2013](#mbo3890-bib-0032){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Estuarine sediment                                            | *A. anaerophilus* JC84     | Sasi Jyothsna, Rahul, Ramaprasad, Sasikala, and Ramana ([2013](#mbo3890-bib-0054){ref-type="ref"})       |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Mussels                                                       | *A. ebronensis* F128‐2     | Levican, Rubio‐Arcos, Martinez‐Murcia, Collado, and Figueras ([2015](#mbo3890-bib-0034){ref-type="ref"}) |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Seawater                                                      | *A. aquimarinus* W63       | Levican et al. ([2015](#mbo3890-bib-0034){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Seawater                                                      | *A. acticola* AR‐13        | Park, Jung, Kim, and Yoon ([2016](#mbo3890-bib-0045){ref-type="ref"})                                    |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Seawater                                                      | *A. pacificus* SW028       | Zhang, Yu, Wang, Yu, and Zhang ([2016](#mbo3890-bib-0067){ref-type="ref"})                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Great scallop larvae and tank seawater                        | *A. lekithochrous* LFT 1.7 | Diéguez et al. ([2017](#mbo3890-bib-0009){ref-type="ref"})                                               |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Abalone                                                       | *A. lekithochrous* MA5     | Tanaka et al. ([2017](#mbo3890-bib-0057){ref-type="ref"})                                                |
|                                                               |                            |                                                                                                          |
|                                                               | (syn. *A. haliotis* MA5)   |                                                                                                          |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
| Sewage                                                        | *A. canalis* F138‐33       | Pérez‐Cataluña, Salas‐Masso, and Figueras ([2018a](#mbo3890-bib-0046){ref-type="ref"})                   |
+---------------------------------------------------------------+----------------------------+----------------------------------------------------------------------------------------------------------+
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Therefore, in order to gain knowledge on *Arcobacter* spp. in marine invertebrates, we tried to explore the diversity and abundance of the genus *Arcobacter* in the giant abalone *Haliotis gigantea*, an important fishery resource inhabiting shallow water environments. We used cultivation‐independent methods, such as *Arcobacter*‐specific clone libraries and fluorescence in situ hybridization (FISH). We also attempted to isolate *Arcobacter* strains using selective cultivation, and report here the genetic relationships between successfully isolated strains.

2. MATERIALS AND METHODS {#mbo3890-sec-0002}
========================

2.1. Sample collection and DNA extraction {#mbo3890-sec-0003}
-----------------------------------------

Nine cultivated giant abalones, *H. gigantea*, (sample code: CA) and rearing water samples from two tanks (sample code: RW) were collected from the Owase Farming Fishery Center (Owase, Mie, Japan) in February 2012. These samples were supplied for construction of *Arcobacter*‐specific clone libraries and for FISH. For isolation of *Arcobacter* spp., three endemic *H. gigantea* specimens were collected from fish markets in Mie, Japan, in September 2017.

The internal organs, including the gut and gills, were collected from the abalones followed by the previously described method (Tanaka et al., [2004](#mbo3890-bib-0058){ref-type="ref"}). To tear off bacterial cells from their host tissue, we used a beads beater on the condition of slower stroke and shorter time (We state that the method will not allow obtaining the whole bacterial diversity present in the host tissue as compared to an approach based on completely grinding the host tissue). Abalone specimens were pooled into each tube and homogenized using a beads beater (4,200 rpm, 30 s; Tietech Co., Nagoya, Japan). Host tissues were removed from CA samples by quick centrifugation (1 s, 8,000 *g*), and the supernatant was transferred to new tubes and centrifuged for 20 min at 15,000 *g* to recover bacterial cells. Rearing water samples (RW) were concentrated (50×) using 0.22 µm cellulose membrane filters (Advantec, Tokyo, Japan) and resuspended in sterile phosphate‐buffered saline (PBS: 130 mM NaCl, 10 mM Na~2~HPO~4~/NaH~2~PO~4~; pH 7.4). Aliquots of bacterial pellets thus obtained from CA and RW samples were subsequently used for FISH analysis and DNA extraction. Bacterial genomic DNA from each sample was extracted using Promega DNA purification system (Promega Corp., Madison, WI, USA) according to the manufacturer\'s instructions.

2.2. PCR analysis, construction of *Arcobacter*‐specific clone libraries and sequencing {#mbo3890-sec-0004}
---------------------------------------------------------------------------------------

The *Arcobacter* genus‐specific primers, ARC94F primer (5′‐TGCGCCACTTAGCTGACA‐3′) and ARC1446R primer (5′‐TAGCATCCCCGCTTCGAATGA‐3′) (Harmon & Wesley, [1996](#mbo3890-bib-0016){ref-type="ref"}; Snaidr, Amann, Huber, Ludwig, & Schleifer, [1997](#mbo3890-bib-0055){ref-type="ref"}) were used to amplify the *Arcobacter* 16S rRNA gene from each sample. PCR reaction mixtures contained 1× PCR reaction buffer, 200 µM dNTP, 5 pmol of each primer, 2.5 units Ex Taq polymerase (TaKaRa Biotechnology Corp., Kyoto, Japan), and 10--100 ng of DNA for a total volume of 50 µl. PCR reactions were performed using an iCycler (Bio‐Rad Lab., Hercules, CA, USA). The amplification conditions were as follows: initial denaturation of 4 min at 95°C followed by 25 cycles of denaturation for 30 s at 95°C, primer annealing for 30 s at 55°C, and primer extension at 72°C for 1.5 min. This was followed by a final extension reaction at 72°C for 7 min. Distilled H~2~O was used as the template for negative controls; these produced no PCR product, indicating the absence of contaminating DNA in reactions and reagents. The 16S rRNA gene amplicons were purified by the PCR Preps DNA Purification System (Promega Corp.) according to the manufacturer\'s instructions, and subsequently ligated into the TOPO TA cloning vector (Invitrogen Corp., Carlsbad, CA, USA). Ligation products were transformed into *Escherichia coli* One Shot TOP10 cells (Invitrogen Corp.) and screened for plasmid insertions by following the manufacturer\'s instructions. Plasmid DNA containing insertions was sequenced with the ARC94F primer using the Sanger method with an ABI 3730 sequencer (Applied Biosystems, Foster City, CA, USA). Chromatograms of DNA sequences were examined using Chromas v2.3.3 (Technelysium Pty Ltd., South Brisbane, Australia). All sequences were examined for chimerism using a chimeric sequences detection tool, Bellerophon (Huber, Faulkner, & Hugenholtz, [2004](#mbo3890-bib-0022){ref-type="ref"}).

2.3. Fluorescent in situ hybridization {#mbo3890-sec-0005}
--------------------------------------

The total number of *Arcobacter* cells in abalone samples was counted using the FISH method (Kepner & Pratt, [1994](#mbo3890-bib-0024){ref-type="ref"}). Aliquots of bacterial pellets obtained from CA and RW samples were rinsed by 600 µl of sterile PBS and centrifuged at 12,000 *g* for 5 min, then removed supernatant. These procedures were performed two times. Samples were fixed by adding one volume of PBS to three volumes of 4% paraformaldehyde/PBS, and incubating at 4°C for 3 hr. After centrifugation, the fixative was removed and the bacterial pellet was washed twice with PBS. The washed cells were mixed with 1× PBS and 96% EtOH (1:1) and stored at −20°C (Roller, Wagner, Amann, Ludwig, & Schleifer, [1994](#mbo3890-bib-0050){ref-type="ref"}). Three microliters of fixed‐cell suspension was spread on the well of an aminopropyl‐silane‐coated 8‐well slide (Matsunami, Japan). The slides were air‐dried and dehydrated by successive immersion in 50, 80, and 99.5%. Hybridization was performed based on a previous study by Ootsubo et al. ([2003](#mbo3890-bib-0044){ref-type="ref"}), with modifications. A 5′‐end TAMRA‐labeled ARC94F probe (5′‐TGCGCCACTTAGCTGACA‐3′; Sigma‐Aldrich Corp, St. Louis, MO; Moreno et al., [2003](#mbo3890-bib-0039){ref-type="ref"}) was designed to target the 16S rRNA of *Arcobacter* spp., and a 5′‐end FITC‐labeled EUB338 probe (5′‐GCTGCCTCCCGTAGGAGT‐3′; Sigma‐Aldrich Corp; Amann et al., [1990](#mbo3890-bib-0001){ref-type="ref"}) to target the 16S rRNA gene of most members of the domain Bacteria. Prior to hybridization, each probe was added to pre‐warmed hybridization buffer (0.9 M NaCl, 20% formamide, 20 mM Tris--HCl \[pH 7.4\] and 0.1% sodium dodecyl sulfate \[SDS\]) to a final concentration of 10 p.m. The probe solution was spread on each hybridization well, and the slides incubated at 46°C for 3 hr in an MHS‐2000 hybridization oven (EYELA, Tokyo, Japan). After hybridization, each well was washed twice with washing buffer (20 mM Tris‐HCl \[pH 7.4\], 180 mM NaCl and 0.01% SDS), rinsed with ddH~2~O and air‐dried. An epifluorescence light microscope (Eclipse 400; Nikon Corp., Tokyo, Japan), was used for observing the stained cells. Due to a technical error during sampling, we were unable to detect the mean ± SE from RW samples.

2.4. Isolation of *Arcobacter* spp. {#mbo3890-sec-0006}
-----------------------------------

For the isolation of *Arcobacter* species, the procedure described by Salas‐Massó et al. ([2016](#mbo3890-bib-0052){ref-type="ref"}) was followed, but the media was slightly modified by changing 2.5% NaCl to artificial seawater. The bacterial mixture from three abalones was diluted 10 times using sterile Daigo\'s Artificial Seawater SP (Nihon Pharmaceutical Co., Tokyo, Japan) and 100 µl of the diluted mixture was inoculated into *Arcobacter* Broth (Oxoid Ltd., Hampshire, UK, USA) with CAT supplement \[cefoperazone at 8 mg/L, amphotericin B at 10 mg/L and teicoplanin at 4 mg/L\] (Oxoid Ltd., Atabay & Corry, [1997](#mbo3890-bib-0002){ref-type="ref"}) suspended in 75% Daigo\'s Artificial Seawater SP instead of distilled water with 2.5% NaCl. The culture solutions were incubated for 48 or 96 hr at 15°C (sample codes: 15T48H and 15T96H, respectively) or 25°C (sample codes: 25T48H and 25T96H) under aerobic conditions. After cultivation, 200 µl of post‐cultured broth was pipetted onto the surface of polycarbonate membrane filters (pore size, 0.4 µm: Merck Millipore, Burlington, MA) placed on Marine Agar 2216 (Difco, Detroit, MI, USA). The plates were incubated at room temperature for 30 min to allow passive filtration (Atabay & Corry, [1997](#mbo3890-bib-0002){ref-type="ref"}). Next, the filters were carefully removed and the flow‐through was spread on Marine Agar 2216. The media was incubated at the same temperature and time as the primary culture. After cultivation, presumed *Arcobacter* colonies (tiny and beige to off‐white in color) were selected and applied to colony PCR in the same way as *Arcobacter*‐specific clone libraries using ARC94F and ARC1446R primers. Positive PCR products were sequenced using standard Sanger sequencing.

2.5. Cluster analysis of the bacterial community structure {#mbo3890-sec-0007}
----------------------------------------------------------

For each sample, sequences were aligned and grouped in Operational Taxonomic Units (OTUs) with \>97% sequence identity (Stackebrandt & Goebel, [1994](#mbo3890-bib-0056){ref-type="ref"}). Homology searches were performed using sequences of approximately 700 bp and the highest homology sequences with each OTU were chosen as the closest relatives. All BLASTn searches were performed with the default parameters available through the National Center for Biotechnology Information website (<http://www.ncbi.nlm.nih.gov/>). Multiple alignments and calculation of distant matrixes were performed by CLUSTAL W (Thompson, Higgins, & Gibson, [1994](#mbo3890-bib-0060){ref-type="ref"}), using MEGA 7.0 (Kumar, Stecher, & Tamura, [2016](#mbo3890-bib-0029){ref-type="ref"}). A phylogenetic tree was constructed using the maximum‐likelihood method of MEGA 7.0, with 1,000 replicates in the bootstrap analysis and Kimura\'s two‐parameter model (Kimura, [1980](#mbo3890-bib-0028){ref-type="ref"}). Distances were estimated with the Jukes‐Cantor correction.

3. RESULTS {#mbo3890-sec-0008}
==========

3.1. *Arcobacter*‐specific clone libraries {#mbo3890-sec-0009}
------------------------------------------

To perform a comprehensive search for *Arcobacter* spp. from abalone and their surrounding seawater, we established *Arcobacter*‐specific 16S rRNA gene clone libraries. A total of 120 and 30 clones were obtained in our study from abalone (CA) and rearing water (RW) samples, respectively (Table [2](#mbo3890-tbl-0002){ref-type="table"}). Among these clones, *Arcobacter* sequences were observed as 12 OTUs from CA and seven OTUs from RW.

###### 

16S rRNA gene sequences identified in the clone library and isolation from abalone or seawater

+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| Methods                               | Samples       | OTUs                                                         | No. of clones or isolates                    | Highest similarity sequence (accession number)        | Identity |
|                                       |               |                                                              |                                              |                                                       |          |
|                                       |               |                                                              |                                              |                                                       | (%)      |
+=======================================+===============+==============================================================+==============================================+=======================================================+==========+
| *Arcobacter*‐specific clone libraries | Abalone (CA)  | CA1                                                          | 16                                           | Uncultured bacterium clone KSTye‐VF1‐B‐003 (JQ611206) | 100      |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA2                                   | 3             | *Arcobacter* sp. EP1 (LT629996)                              | 98.6                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA3                                   | 17            | Uncultured bacterium clone SF‐July‐156 (HM591463)            | 98.8                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA4                                   | 3             | Uncultured *Arcobacter* sp. clone DVASD_D318 (KF463610)      | 98.9                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA5                                   | 3             | Uncultured *Arcobacter* sp. clone DVBSW_D345 (KF722009)      | 99.5                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA6                                   | 3             | Uncultured bacterium clone AJ‐U‐CD‐41(H) (JX170315)          | 98.4                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA7                                   | 20            | Uncultured bacterium clone AJ‐U‐CD‐41(H) (JX170315)          | 100                                          |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA8                                   | 1             | Uncultured bacterium clone TopBa31 (EF999357)                | 97.2                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA9                                   | 24            | Uncultured epsilon‐proteobacterium clone AT‐pp13 (AY225610)  | 95.2                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA10                                  | 4             | Uncultured epsilon‐proteobacterium clone PI_4z10e (AY580424) | 99.6                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA11                                  | 25            | Uncultured bacterium clone SF‐July‐74 (HM591442)             | 99.2                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| CA12                                  | 1             | Epsilon‐proteobacterium Yb‐*F* (AB496655)                    | 100                                          |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| Rearing water (RW)                    | RW1           | 12                                                           | Uncultured bacterium clone HF071 (JX391310)  | 98.7                                                  |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW4                                   | 4             | Uncultured epsilon‐proteobacterium clone PI_4z7d (AY580420)  | 98.3                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW5                                   | 4             | *Arcobacter pacificus* SW028 (JN118552)                      | 98.5                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW6                                   | 3             | Uncultured bacterium clone SF‐July‐156 (HM591463)            | 97.9                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW10                                  | 4             | *Arcobacter bivalviorum* F4 (FJ573217)                       | 97.4                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW17                                  | 2             | Uncultured bacterium clone C13W_197 (HM057704)               | 98.8                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| RW20                                  | 1             | Uncultured marine bacterium clone B‐Alg40 (HM437504)         | 99.8                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| Isolations                            | Abalone       | 15T96H‐1                                                     | 4                                            | Uncultured bacterium clone HglApr921 (JX016315)       | 98.2     |
|                                       |               |                                                              |                                              |                                                       |          |
|                                       | 15°C (15T96H) |                                                              |                                              |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| 15T96H‐2                              | 1             | Uncultured bacterium clone HglApr921 (JX016315)              | 98.3                                         |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
| Abalone                               | 25T96H        | 5                                                            | *Arcobacter marinus* strain CL‐S1 (EU512920) | 100                                                   |          |
|                                       |               |                                                              |                                              |                                                       |          |
| 25°C (25T96H)                         |               |                                                              |                                              |                                                       |          |
+---------------------------------------+---------------+--------------------------------------------------------------+----------------------------------------------+-------------------------------------------------------+----------+
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The 16S rRNA genes identified from abalone (CA) using the *Arcobacter*‐specific clone library did not show high similarity to known species within the NCBI database. The most abundant genotype in CA was CA11 (25 clones, accession number: LC133145), which had a high similarity score of 99.2% to uncultured bacterium clone SF‐July‐74 (HM591442). CA1 (LC133157) had 100% similarity to bacterium clone KSTye‐VF1‐B‐003 (JQ611206) collected from venting fluid in a yellow vent off Kueishan Island, while CA3 and CA12 (LC133141 and LC133148) each had a similarity of 98.8% and 100% to uncultured bacterium clone SF‐July‐156 (HM591463) and epsilon‐proteobacterium Yb‐F (AB496655) collected from seawater. CA3 did not cluster with any sequences. CA4, CA5, CA8, and CA9 (LC133159, LC133146, LC133160, and LC133142) were assigned to uncultured bacteria collected from marine environments: CA4 and CA5 showed similarity of 98.9% and 99.5% to uncultured *Arcobacter* sp. clones DVASD_D318 and DVBSW_D345, respectively (KF463610 and KF722009) from a marine coastal ecosystem, CA8 showed 97.2% similarity to uncultured bacterium clone TopBa31 (EF999357) from Pearl River Estuary sediments, and CA9 showed 95.2% similarity to uncultured epsilon‐proteobacterium clone AT‐pp13 (AY225610) from pumice fragments exposed to a Mid‐Atlantic Ridge vent. CA6 and CA7 (LC133158 and LC133140) were assigned to uncultured bacterium clone AJ‐U‐CD‐41(H) (JX170315) isolated from the intestine of a sea cucumber, *Apostichopus japonicas*, with 98.4% and 100% similarity, respectively. Finally, CA2 and CA10 (LC133161 and LC133156) were closely affiliated with an isolate or a clone collected from protists. CA2 had 98.6% similarity to *Arcobacter* sp. EP1 (LT629996) isolated from the epibiont of unicellular protists, and CA10 had 99.6% similarity to uncultured epsilon‐proteobacterium clone PI_4z10e from coastal bacterioplankton sampled at Plum Island Sound Estuary.

In the rearing water samples, RW5 (LC133151) showed 98.5% sequence similarity to *A*. *pacificus* strain SW028 isolated from seawater (JN118552), and RW10 (LC133153) had a 97.4% high homology to *A*. *bivalviorum* strain F4 isolated from bivalves (FJ573217). RW1 (LC133149) showed a sequence similarity of 98.7% to uncultured bacterium clone HF071 (JX391310) detected from marine sediment. RW4 (LC133150) was affiliated with uncultured epsilon‐proteobacterium clone PI_4z7d in a coastal bacterioplankton sample from Plum Island Sound Estuary, at 98.3% similarity. RW17 (LC133154) was closely related to uncultured bacterium clone C13W_197 (HM057704) collected from seawater, at 98.8% similarity. RW6 (LC133152) showed 97.9% similarity to uncultured bacterium clone SF‐July‐156 (HM591463), and RW20 (LC133155) was closely related at 99.8% similarity to uncultured marine bacterium clone B‐Alg40 (HM437504) detected from the surface of algae.

3.2. Detection of ARC94F‐positive cells by FISH {#mbo3890-sec-0010}
-----------------------------------------------

The amount of *Arcobacter* spp. in homogenized cultured abalone and rearing water samples from Minami‐ise, Mie, Japan, was determined by FISH (Table [3](#mbo3890-tbl-0003){ref-type="table"}). From the abalone samples (*n* = 9), with a total bacteria count of 1.18 ± 0.71 × 10^7^ cells/g, the number of ARC94F‐positive bacteria was 8.06 ± 0.05 × 10^5^ cells/g, dominating the total bacteria count at 6.96 ± 0.72% (Figure [1](#mbo3890-fig-0001){ref-type="fig"}). In the abalone rearing water (*n* = 2), the total bacteria count for each sample was 2.76 × 10^4^ cells/ml and 4.63 × 10^4^ cells/ml, respectively. Among these, the number of ARC94F‐positive bacteria was 1.33 × 10^3^ cells/ml and 1.08 × 10^3^ cells/ml, dominating 4.8% or 2.3% of the total bacteria, respectively.

###### 

Total and *Arcobacter* bacterial counts from abalones or in rearing water by direct microscopy

+------------------------------+------------------------------+-------------------------------+
|                              | Abalone (*n* = 9, mean ± SE) | Rearing water (*n* = 2, mean) |
+==============================+==============================+===============================+
| EUB338 (cells/g or ml)       | 1.18 ± 0.71 × 10^7^          | 3.70 × 10^4^                  |
+------------------------------+------------------------------+-------------------------------+
| ARC94 (cells/g or ml)        | 8.06 ± 0.05 × 10^5^          | 1.21 × 10^3^                  |
+------------------------------+------------------------------+-------------------------------+
| Rate of *Arcobacter*         | 6.96 ± 0.72                  | 3.55                          |
|                              |                              |                               |
| (% of total bacterial count) |                              |                               |
+------------------------------+------------------------------+-------------------------------+
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![FISH photograph using (a) probe ARC94F and (b) probe EUB338, showing positive cells attached to abalone tissues. Yellow arrows indicate *Arcobacter*‐stained cells. FISH, fluorescence in situ hybridization](MBO3-8-e890-g001){#mbo3890-fig-0001}

3.3. Isolation of *Arcobacter* Spp. {#mbo3890-sec-0011}
-----------------------------------

When incubation of samples from natural abalones collected in Mie, Japan, was performed for 96 hr at 15°C or 25°C (sample codes: 15T96H or 25T96H), the total numbers of colonies were 871 and 338, respectively. Upon further selection, 12 and eight colonies from the 15T96H and 25T96H samples were presumed to be *Arcobacter* colonies (tiny and beige to off‐white in color). Colony PCR subsequently confirmed that five of the selected *Arcobacter*‐like colonies for each sample were affiliated to *Arcobacter* spp. Finally, colonies with sequence similarity of \>97% were grouped and given a similar designation. We obtained four strains designated as 15T96H‐1, one strain designated as 15T96H‐2 from the 15T96H sample, and five strains designated as 25T96H‐1 from the 25T96H sample. The 16S rRNA gene sequences of 15T96H‐1 and 15T96H‐2 showed high similarity (98.2% and 98.3%, respectively) with uncultured bacterium clone HglApr921 (JX016315). Since both these strains have low homology with other isolated *Arcobacter* species (93.3%--94.3% similarity), they suggest potential new species. On the other hand, all strains of 25T96H‐1 showed similarity ranging from 99.2% to 100% with *A. marinus*. For the samples incubated at 15°C or 25°C for 48 hr, a few colonies were isolated but they were not identified as *Arcobacter* spp.

4. DISCUSSION {#mbo3890-sec-0012}
=============

Thus far, research on *Arcobacter* has mainly been focused on detection since several *Arcobacter* species are pathogenic to humans (Collado et al., [2011](#mbo3890-bib-0007){ref-type="ref"}; Ho et al., [2006](#mbo3890-bib-0017){ref-type="ref"}; Houf, Tutenel, Zutter, Hoof, & Vandamme, [2000](#mbo3890-bib-0021){ref-type="ref"}). Meat and seafood are the most common sources of *Arcobacter* reported (Atabay & Corry, [1997](#mbo3890-bib-0002){ref-type="ref"}; Houf, Zutter, Hoof, & Vandamme, [2002](#mbo3890-bib-0018){ref-type="ref"}; Hume et al., [2001](#mbo3890-bib-0023){ref-type="ref"}; Romero et al., [2002](#mbo3890-bib-0051){ref-type="ref"}; Collado, Guarro, et al., [2009](#mbo3890-bib-0006){ref-type="ref"}; Levican et al., [2014](#mbo3890-bib-0033){ref-type="ref"}; Salas‐Massó et al., [2016](#mbo3890-bib-0052){ref-type="ref"}; Mottola et al., [2016](#mbo3890-bib-0040){ref-type="ref"}; Rathlavath, Kohli, et al., [2017](#mbo3890-bib-0048){ref-type="ref"}; Rathlavath, Kumar, & Nayak, [2017](#mbo3890-bib-0049){ref-type="ref"}; Vicente‐Martins, Oleastro, Domingues, & Ferreira, [2018](#mbo3890-bib-0064){ref-type="ref"}). *Arcobacter* is also detected or isolated from seawater, sewage, and drinking water, and these environments are considered important as they could be one of the possible routes of transmission of *Arcobacter* to human and animal intestinal tracts (Collado et al., [2011](#mbo3890-bib-0007){ref-type="ref"}). Various methods including enterobacterial repetitive intergenic consensus PCR (ERIC‐PCR), randomly amplified polymorphic DNA‐PCR (Houf et al., [2002](#mbo3890-bib-0018){ref-type="ref"}), and amplified fragment length polymorphism (On, Harrington, & Atabay, [2003](#mbo3890-bib-0043){ref-type="ref"},[2004](#mbo3890-bib-0042){ref-type="ref"}) have been used to detect and elucidate the transmission routes or to trace the sources of *Arcobacter* outbreaks (Collado & Figueras, [2011](#mbo3890-bib-0005){ref-type="ref"}). Multiplex‐PCR that can detect multiple species simultaneously has also been used (Brightwell et al., [2007](#mbo3890-bib-0003){ref-type="ref"}; Houf et al., [2000](#mbo3890-bib-0021){ref-type="ref"}; Khan et al., [2017](#mbo3890-bib-0025){ref-type="ref"}). ERIC‐PCR in particular has been successfully applied to outbreak investigations (Vandamme et al., [1993](#mbo3890-bib-0062){ref-type="ref"}) in food. Although these methods have advantages due to its simplicity and cost, they detect only a specific species from isolated strains or from mixed cultures based on specific culture conditions (González, Bayas Morejón, & Ferrús, [2017](#mbo3890-bib-0015){ref-type="ref"}).

To prevent bias resulting from culture‐dependent methods in this study, we used *Arcobacter*‐specific clone libraries to directly identify 16S rRNA gene sequences. Twelve OTUs relating to *Arcobacter* were detected from abalones using *Arcobacter*‐specific clone libraries (Table [2](#mbo3890-tbl-0002){ref-type="table"}), all clustered with previously reported *Arcobacter* sequences (Figure [2](#mbo3890-fig-0002){ref-type="fig"}). All the OTUs showed similarity to 16S rRNA genes detected from marine environments such as marine invertebrates or seawater, but not from those identified from terrestrial sources such as poultry. Furthermore, these sequences are not classified with any other known *Arcobacter* species. Interestingly, using our analytical approach, the samples from abalones also did not show the presence of pathogenic *Arcobacter* spp., *A. butzleri*, *A. skirrowii,* and *A. cryaerophilus,* commonly isolated or detected from bivalves. Bivalves such as mussels and clams are filter feeders that feed plankton using gills, while abalones feed on brown algae. Thus, they have a more developed digestive system compared to bivalves. The result suggests that gastropods such as abalone may not be host or harbor pathogenic *Arcobacter* species, perhaps due to their different feeding habits and digestive system.

![16S rRNA gene‐based phylogenetic tree of *Arcobacter* spp. from abalone and environmental samples. Circles colors indicate origins or pathogenicity of *Arcobacter* spp. as follows: blue, marine habitats, orange, terrestrial environments and red, pathogenic species. The tree was generated using the maximum likelihood (ML) method with 1,000 replicates in the bootstrap analysis. The distances were estimated with the Jukes‐Cantor correction. The tree was rooted with *Campylobacter fetus* subsp. *fetus* ATCC 27374, and gene sequences are followed by GenBank accession numbers in parentheses. Scale bar represents 2% sequence divergence](MBO3-8-e890-g002){#mbo3890-fig-0002}

In this study, we employed the ARC94F *Arcobacter*‐specific probe for FISH against cells isolated from abalone for detection and quantification. This ARC94F probe has been used for specific counting of genus *Arcobacter* in seawater (Fera et al., [2008](#mbo3890-bib-0012){ref-type="ref"}, [2010](#mbo3890-bib-0011){ref-type="ref"}; Moreno et al., [2003](#mbo3890-bib-0039){ref-type="ref"}). The ratio of ARC94F‐positive cells suggested that *Arcobacter* might be a common bacterial genus in abalones (6.96%, Table [3](#mbo3890-tbl-0003){ref-type="table"}). *Haliotis gigantea* appears to be a habitat for *Arcobacter* species, but the role and effect on their hosts are still unclear.

Regarding the cultivation of *Arcobacter* spp., several conditions have been introduced, such as altering the NaCl concentration (Salas‐Massó et al., [2016](#mbo3890-bib-0052){ref-type="ref"}) or the requirement of sea salts (Diéguez, Balboa, Magnesen, & Romalde, [2017](#mbo3890-bib-0009){ref-type="ref"}). Hence, we used artificial sea salt instead of NaCl and added more than 2.5% sea salt during isolation. In addition, the incubation temperature used for *Arcobacter* isolation was set to 15 or 25°C, which are closer to the seawater temperatures of the natural habitat of the abalones at Ise Bay, Mie prefecture, against common methods (30 to 37°C: Vandamme et al., [1991](#mbo3890-bib-0061){ref-type="ref"}; Houf et al., [2000](#mbo3890-bib-0021){ref-type="ref"}; Collado, Guarro, et al., [2009](#mbo3890-bib-0006){ref-type="ref"}; Merga et al., [2011](#mbo3890-bib-0037){ref-type="ref"}; Salas‐Massó et al., [2016](#mbo3890-bib-0052){ref-type="ref"}; Salas‐Massó, Figueras, Andree, & Furones, [2018](#mbo3890-bib-0053){ref-type="ref"}; Laishram et al., [2016](#mbo3890-bib-0030){ref-type="ref"}; González et al., [2017](#mbo3890-bib-0015){ref-type="ref"}). As a result, 10 *Arcobacter* isolates (five known and five novels) were recovered from samples 15T96H and 25T96H. These were classified into three genotypes based on 97% sequence similarity (15T96H‐1, 15T96H‐2, and 25T96H‐1). The 16S rRNA gene of 25T96H‐1 had a high similarity of 99.2%--100% to *A. marinas*, which has been isolated from a mixture of seawater and starfish (Kim, Hwang, & Cho, [2010](#mbo3890-bib-0027){ref-type="ref"}). In contrast, the isolates 15T96H‐1 and 15T96H‐2 had no closely related sequences in all other known *Arcobacter* isolates. Including comparisons with uncultured clones, the 16S rRNA genes of 15T96H‐1 or 1596H‐2 have related to an uncultured clone detected from the Pacific oyster *Crassostrea gigas*, an invertebrate living in shallow water (Madigan et al., [2014](#mbo3890-bib-0035){ref-type="ref"}) and marine bulk water (Teeling et al., [2012](#mbo3890-bib-0059){ref-type="ref"}). Both 15T96H‐1 and 15T96H‐2 were isolated only at the 15°C incubation temperature. From these observations, we believe that 15T96H‐1 and 15T96H‐2 will be able to be isolated from various marine invertebrates with sea salt medium at lower temperatures. In terms of incubation time, no *Arcobacter* species were isolated within 2 days of incubation. This implies that when incubation temperature is lower than 37°C, *Arcobacter* requires more than 96 hr to grow before colonies can be detected. There are still many species of *Arcobacter* detectable by molecular methods in abalones that are not cultivable. We feel that isolation methods should be improved to obtain these uncultured *Arcobacter* species.

In conclusion, we succeeded in detecting several new *Arcobacter* genotypes from abalone using *Arcobacter*‐specific 16S rRNA gene libraries. Furthermore, since most of the clones showed low similarity with other known *Arcobacter* spp. and no pathogenic *Arcobacter* were detected or isolated from abalone, we need further investigations for uncultured *Arcobacter* spp. which remains to be determined in *H. gigantea*.
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